A simple and robust method to immobilize cells onto a glass substrate is presented. The method employs a photochemical reaction of benzophenone, which is modified on the substrate using a standard silane coupling agent, with cells. Cells were immobilized to an area irradiated with UV light from a standard light source under an inverted microscope. The dependence of immobilization on the light power intensity and irradiation time was investigated. In situ DNA analysis within the immobilized cells was demonstrated using target-primed rolling circle amplification and fluorescent detection.
Light-assisted cell immobilization onto planar substrates is a useful approach for biomolecular analysis within cells in addition to cellular analysis. Cell immobilization is indispensable for imaging-based analysis, including fluorescent immunostaining, fluorescence in situ hybridization, and electron microscopy. Cell immobilization onto a glass substrate allows cells to be observed under a light microscope with transillumination.
Additionally, light-assisted cell immobilization can achieve spatial and temporal control of the immobilization by controlling the light. 1 Various light-assisted cell immobilization methods have been reported on substrates coated with poly(N-isopropylacrylamide)-spiropyran conjugates, 2 fibronectin, 3 photocleavable silane coupling agent, 4 2-methacryloyloxyethyl phosphorylcholine coupled to a photolabile linker, 5 and photocleavable poly(ethylene glycol)-lipid. 6 However, these methods have only been applied to adherent cells [2] [3] [4] [5] and require patterning of the substrate surface prior to immobilization. [4] [5] [6] Furthermore, and to the best of our knowledge, the application of in situ DNA analysis following light-assisted cell immobilization has yet to be reported. Hence, it is necessary to demonstrate the efficacy of this approach in order to confirm its applicability.
In this paper, a simple and robust method to immobilize cells onto a glass substrate assisted by light is proposed. A photochemical reaction of benzophenone (BP) with cells was employed. BP is a well-known photoresponsive molecule that can form covalent bonds with a wide range of biomolecules, 7 and is easily immobilized onto the surface of a glass substrate using a standard silane coupling agent. A BP-modified substrate has been utilized to immobilize DNA 8, 9 and proteins. 8, 10 Cells have also been immobilized on glycoproteins patterned on the substrate, 10 although direct immobilization of cells onto BP-modified substrates has yet to be reported. A millimeter-sized open-well was constructed, the bottom of which comprised a cover slip modified with BP. A suspension of nonadherent cells was poured into the well, and the well was then irradiated with UV light from a standard light source under an inverted microscope. Cells were immobilized onto the area irradiated with the light, which was spatially patterned using a photomask. The dependence of immobilization on the light power intensity and irradiation time was investigated. The immobilization of cells in an array format was also examined. This method was applied to immobilize cells for in situ DNA analysis using target-primed rolling circle amplification (RCA), which can detect single DNA molecules that have target sequences as micrometer-sized fluorescent dots.
11
A polydimethylsiloxane (PDMS)-glass device with a BP-modified bottom surface was fabricated as follows. A cover slip (24 × 60 mm) was cleaned using O2 plasma in a vacuum plasma machine. An aliquot (2 mL) of a test solution containing 3% 3-aminopropyltriethoxysilane (APS) in ethanol was poured into a glass beaker. The cover slip and the beaker were sealed in a polypropylene case and incubated for 2 h at 70 C. The beaker was then removed from the case, which was incubated for a further 1 h at 70 C. The cover slip was recovered from the case and bonded to a PDMS substrate possessing a through-hole (5 mm diameter, 2 mm depth) to form an open-well on the substrate. An aliquot (20 μL) of a test solution containing 0.2 mol dm -3 benzophenone-4-isothiocyanate and 0.05 mol dm -3 diisopropylethylamine in dimethylformamide (DMF) was poured into the well, and the well was incubated for 72 h at room temperature. The PDMS substrate was then peeled off from the cover slip, which was rinsed with DMF, dried, and bonded to a virgin PDMS substrate possessing a through-hole. A suspension of human K562 erythroleukemia cells was prepared at a concentration of 2.5 × 10 5 cells mL -1 in phosphate-buffered saline (PBS). An aliquot (20 μL) of the suspension was poured into the well and incubated for 5 min at room temperature. The well was then irradiated with UV light (λ = 365 nm) passed through a photomask under an inverted microscope (IX71, Olympus, Tokyo, Japan) equipped with a 100-W high pressure mercury lamp, a 10× objective lens, and a dichroic mirror block (U-MWU2, Olympus), as shown in Fig. 1(a) . The well was irradiated to facilitate crosslinking of cell membranes with BP moieties onto the substrate (Fig. 1(b) ).
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The PDMS substrate was then peeled off from the cover slip, which was subsequently rinsed with PBS. Phase-contrast images of cells were taken as required. For the evaluation of immobilization, the cell density on the substrate was estimated from the images. The power of the UV light was controlled by neutral density filters and measured using a power meter.
Mitochondrial DNA within immobilized cells was detected using target-primed RCA according to the literature.
Sequences of the DNA probes used in this study are shown in Table S1 (Supporting Information). Briefly, cells were fixed with 70% ethanol, and double-stranded mitochondrial DNA was digested with the restriction enzyme MscI. Part of the target DNA fragment was converted to the single-stranded form by utilizing the double-strand-specific 5′-3′ exonuclease activity of T7 exonuclease. The target sequence in the single-stranded DNA was hybridized with the ppMSCs padlock probe, and then ligated using T4 DNA ligase. Long single-stranded DNA (RCA product) was synthesized from the DNA-probe hybrid using phi29 DNA polymerase and dNTP. Finally, the RCA products were hybridized with the Lin33 detection probes labeled with Alexa Fluor TM 555. Cell nuclei were counterstained with Dapi-Fluoromount-G TM . Fluorescence images were taken using the same microscope described above, equipped with a 150-W xenon lamp, a 60× objective lens (NA 1.42), and a cooled CCD camera (Cascade 512F, Photometrics, Tucson, AZ). For the observation of RCA products and nuclei, a filter set (86009, Chroma Technology, Bellows Falls, VT) and dichroic mirror block (U-MNUA2, Olympus) were used, respectively.
Figures 2(a) and 2(b) show micrographs of a circular pattern on a photomask and immobilized cells on the BP-modified substrate, respectively. Prior to UV irradiation, cells almost covered the entire area to be irradiated (Fig. S1 , Supporting Information).
Following UV irradiation (2.54 mW mm -2 , 3 min) and rinsing, cells were immobilized in a circular pattern similar to that of the photomask. This result demonstrated the ability of the method to immobilize and pattern cells using light. Although nonadherent K562 cells were used in the experiments, the use of adherent HeLa cells yielded almost the same results (Fig. S2, Supporting Information) . Figure 2(c) shows the timecourse of the cell density following UV irradiation and rinsing with different power densities. The cell density increased with increasing irradiation time at power densities of 0.70 and 2.54 mW mm -2 . At a power density of 12.6 mW mm -2 , the cell density increased with time, and then reached the maximum value (874 ± 48 cells mm -2 ) at 1 min. The average cell density prior to UV irradiation is also shown in Fig. 2(c) (dashed line) . Clearly, most of the cells at the irradiated area were immobilized under the conditions employed. The cell density then decreased with time due to unknown reasons. Immobilization in an array format is shown in Fig. 2(d) , where the well was irradiated with UV light (2.54 mW mm -2 , 5 min) through a photomask possessing multiple circular patterns (200 μm diameter, 2 × 5 patterns). Therefore, this method can be utilized to create a cell array on the substrate.
As shown in Figs. 2(b) and 2(d), some cells were immobilized to areas not irradiated with UV light. This would be due to nonspecific adsorption of the cells on the BP-modified substrate. Nonspecific adsorption might be problematic in some applications, such as arraying multiple types of cells on an identical substrate for the parallel analysis of cells. Experimental procedures including surface modification and rinsing following UV irradiation will need to be investigated in future studies to reduce nonspecific adsorption. Figure 3 shows typical fluorescence images of cells following RCA. Bright fluorescence dots, corresponding to RCA products, were observed around the nuclei of cells as shown in Fig. 3(a) . These dots were not observed in a control experiment of RCA without padlock probe (Fig. 3(b) ). This confirmed that the dots corresponded to mitochondrial DNA molecules, and that RCA was successfully performed in immobilized cells. It has been demonstrated that RCA can be applied to detect single-point mutations in mitochondrial genomes, and therefore shed light on various mitochondrial diseases.
In situ detection of mRNA 12 and protein complexes 13 by RCA has also been reported. Therefore, it is anticipated that our method can be applied to these analyses in the future. Another area that can potentially benefit through application of our method concerns the use of microfluidic devices. The integration of RCA processes into a microfluidic device has been demonstrated using DNA-modified microbeads trapped in a microchannel. 14 Hence, with cells immobilized in a microchannel, in situ DNA analysis by RCA can be employed when using microfluidic devices. This approach offers advantages such as reduced sample and reagent consumption, and fast and high-throughput analysis by parallelization.
